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SUMMARY 

A n  investigation of nozzle hinge moments on a large ballistic 
missile having two gimbaled rocket motors has been conducted in the 
Langley 16-foot transonic tunnel. 
obtained through an angle-of-attack range for Mach numbers from 0.80 
to 1.10 at an average Reynolds number of 4 x 106 per foot. 
of jet static-pressure ratio, nozzle deflection, skirt length, and 
skirt venting (longitudinal slots) were investigated. 
the base was briefly studied by means of flow visualization, base pres- 
sures, and base temperatures. 

Jet-off and jet-on data were 

The effects 

The flow about 

The results indicate that nozzle hinge moments are a function of 
external-flow impingement and base pressures and are dependent on 
boundary-layer conditions at the model base. 
increasing nozzle deflection, and either increasing or decreasing 
angle of attack from Oo increases hinge moments. Jet exhaust greatly 
increases hinge moments at low pressure ratios, but the effect decreases 
with increasing pressure ratio. Venting the skirt generally increased 
jet-off hinge moments, except at a Mach number of 1.10, but decreased 
jet-on hinge moments with the greatest reduction occurring at a Mach 
number of 1.10. Slots also reduced the recirculation of jet exhaust 
into the base. 

Decreasing skirt length, 

INTRODUCTION 

Some of the current large ballistic missiles derive directional 
In the design of stability and control from gimbaled rocket motors. 

* Title, Unclassif 
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the actuator systems f o r  these controls,  calculations of the torque 
loads due t o  i n e r t i a l  and f r i c t i o n a l  forces can be made readily;  but,  
generally the loads due t o  aerodynamic forces must be obtained 
experimeiitally . 

A t  the present time there a re  l i t t l e  data available f o r  use i n  
the design of n i s s i l e  control systems using gimbaled rocket motors. 
Therefore, the primary purpose of the present investigation made i n  the 
Langley &foot transonic tunnel w a s  t o  obtain nozzle hinge-moment 
data,  including the e f f ec t s  of a hot - je t  exhaust, f o r  a large b a l l i s t i c  
missi le  having two gimbaled rocket motors. A secondary purpose w a s  t o  L 
invest igate  b r i e f l y  the flow a t  the base of the model by means of flow- 4 
visual izat ion s tudies ,  base-pressure measurements, and base-temperature 2 
measurements. Reference 1 presents some je t -off  nozzle hinge moments 3 
and base-flow studies  f o r  a m i s s i l e  with two rocket motors; reference 2 
presents some information concerning the base-flow problem f o r  a s ingle  
hot propulsive j e t .  

The Mach number range of the present t e s t s  was from 0.80 t o  1.10 
a t  an average Reynolds number of about 4 x 106 per foot .  
range the dynamic pressure, and thus the aerodynamic loads, would be 
near maximum f o r  a typ ica l  f l i g h t  program of a large miss i le .  

I n  t h i s  speed 

Jet-off  data were obtained a t  angles of a t tack and angles of s ide-  

Jet-on data 
s l i p  from about -9.5' t o  5' with nozzle def lect ions from -8.7O t o  0.2' 
i n  the p i tch  plane and from -2.8' t o  6.20 i n  the yaw plane. 
were obtained a t  a reduced number of t e s t  conditions which were consid- 
ered t o  be su f f i c i en t  t o  evaluate the j e t  effects .  J e t  s ta t ic-pressure 
r a t i o s  ranged from about 1.5 t o  2.4 which i s  typ ica l  of large missi les  
i n  the speed range of t h i s  invest igat ion.  

SYMBOLS 

A area 

'h hinge-moment coeff ic ient ,  MJqd3 (see f i g .  3 f o r  sign 
convention) 

pressure coeff ic ient ,  p2 - pm/q cP 

D diameter of model base 

d diameter of rocket nozzle e x i t  

hydrogen peroxide H202 

h 
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length 

Mach number 

nozzle hinge moment about gimbal axis  

s t a t i c  pressure 

t o t a l  pressure 

dynamic pressure 

center-body ordinate, r ad ia l  distance from nozzle axis 

radius 

t o t a l  temperature 

temperature increment, Ton - Toff 

distance from nozzle e x i t ,  posi t ive forward 

r a d i a l  distance from nozzle axis 

angle of a t tack 

angle of s ides l ip  

nozzle deflection angle i n  l a t e r a l  plane (see f i g .  3 f o r  
sign convention) 

upper nozzle deflection angle i n  p i tch  plane (see f i g .  3 
f o r  sign convention) 

meridian angle (see f i g .  2) 

Subscripts : 

b base 

e j e t  e x i t  

j e t  

L l a t e r a l  plane 

1 loca l  
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on rockets operating 

off rockets not operating 

v v e r t i c a l  o r  p i tch  plane 

00 free stream 

APPARATUS AND METHODS 

Tunnel and Jet-Simulator System 

The invest igat ion w a s  conducted i n  the Langley 16-foot transonic 
tunnel which is  described i n  reference 3 .  

A hot - je t  exhaust w a s  obtained from the ca t a ly t i c  decomposition of 
hydrogen peroxide (H202) by means of a bed of s i l v e r  screens. 
decomposition temperature of H202 with a concentration of 90 percent by 
weight i s  about 1,365O F and the r a t i o  of spec i f ic  heat is  1.27. 
chamber-pressure range f o r  the tunnel t e s t s  w a s  f rom 26 t o  53 pounds 
per square inch. A complete description of the jet-simulator system 
used i n  these t e s t s  i s  given i n  reference 4. 

The j e t  

The 

Model 

Basic model and support system.- The model used i n  t h i s  investiga- 
t i on  simulated a two-stage b a l l i s t i c  m i s s i l e  having a blunt nose and 
cyl indrical  f i r s t  and second stages connected by a conical t r ans i t i on  
sect ion.  Two f i r s t - s tage  rocket simulators were mounted i n  gimbals a t  
the base of the  model. 
s t r u t  with a thickness-chord r a t i o  of 0.05 p a r a l l e l  t o  the body axis. 
The s t r u t  w a s  an in tegra l  p a r t  of a tapered s t i n g  which w a s  attached t o  
the model support system through a -5' knuckle. 
a t tack  the model axis was  15 inches above the tunnel center l i n e .  A 
photograph of the basic model mounted i n  the &foot tunnel i s  shown 
i n  f igure  1, and a dimensional sketch of the model i s  shown i n  f igure 2. 
Also shown i n  f igure  2 i s  a short  model, t h a t  i s ,  the model with a 
shortened second stage.  The purpose of the short-length model w a s  t o  
reduce the effects of shock re f lec t ions  a t  supersonic speeds as w i l l  be 
discussed i n  a subsequent sect ion t i t l e d  "Tests." Figure 3 shows the 
s ign convention used f o r  the nozzle deflection and hinge moments. 

The model w a s  supported by a 4 5 O  sweptback 

A t  zero angle of 

L 
4 
2 
3 

S k i r t  configurations.- Figure 2 shows dimensional sketches of 
several  s k i r t  configurations including s k i r t s  of d i f fe ren t  lengths and 
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one with 12 longitudinal s l o t s  designed t o  a l lev ia te  the  rec i rcu la t ion  
problem, t h a t  is ,  the entrainment of hot fuel-r ich exhaust gases i n t o  
the m i s s i l e  base. A photograph of the s lo t t ed  s k i r t  i s  shown i n  
f igure 4. 

Nozzles.- Shown i n  the photographs of f igure 5 are two sets of 
rocket motors. 
i n  t h i s  paper and are scaled versions of the type of nozzle used i n  the 
f i r s t  stage of large b a l l i s t i c  missiles. 
used f o r  jet-off tests only, are b e l l  shaped with an equivalent diver- 
gence half-angle of l5O and an exit-to-throat area r a t i o  of 8 : i .  
second s e t  of nozzles ( f ig .  5 (b ) ) ,  herein cal led a l te red  nozzles, were 
used i n  the hot - je t  phase of the investigation. These a l t e r ed  nozzles 
have large center-body plugs which extend one-quarter of the j e t - ex i t  
diameter beyond the nozzle e x i t  and were designed t o  provide an annu-lar 
j e t  with an external  shape s i m i l a r  t o  t h a t  of the or iginal  nozzle a t  
equal static-pressure r a t io s .  (The external j e t  shape w a s  derived from 
ref .  5.) 
of the or ig ina l  scaled version and the throa t  w a s  removed, thus compro- 
mising the external  shape t o  some extent.  The plugs were secured t o  the 
nozzle by means of three vanes located symmetrically about the nozzle 
ax is .  Dimensional sketches of both the or ig ina l  and a l te red  nozzles are  
given i n  f igure 6, and a discussion of the jet-simulation problem i s  
included i n  the appendix. 

The nozzles of f igure  5(a) are  cal led or ig ina l  nozzles 

These nozzles, which were 

The 

The decomposition chamber w a s  enlarged as compared with t h a t  

The rocket simulators w e r e  mounted i n  gimbal rings,  allowing 
def lect ion of the nozzles i n  any direct ion.  Each nozzle w a s  res t ra ined 
a t  prese t  angles of deflection i n  the p i tch  and l a t e r a l  planes by a 
two -component s train-gage balance which m e a s  wed  moments about the 
gimbal axis .  (See f i g .  5(a) . ) The en t i r e  motor cage could be ro ta ted  
90°, thus allowing the nozzles t o  be e i the r  i n  a lateral  or a ver t ica l  
plane. 

Turbopump-exhaust system.- I n  order t o  determine some of the 
e f f ec t s  of turbopump exhaust, two cyl indrical  nozzles were located i n  
the base of the missi le  as indicated i n  f igures  1 and 2. A t o t a l  
weight-flow rate of about 0.24 pound per second w a s  obtained from 
nitrogen bo t t l e s  f o r  the jet-off tests and from a high-pressure a i r  
source f o r  the jet-on t e s t s .  

Flow-survey apparatus. - A total-pressure survey rake (shown i n  the 
photograph i n  f i g .  7 and i n  the dimensional sketch i n  f i g .  8 (a ) )  w a s  
used t o  obtain pressure prof i les  both a t  the model base and a t  the 
approximate exi t  plane of the nozzles. I n  both cases the nozzles were 
removed from the model. 

Figure 8(b)  shows a dimensional sketch 
t o  obtain flow patterns i n  a ve r t i ca l  plane 

of the ink-flow p la te  used 
a t  the base of the missile 



(nozzles removed). A water-nigrosin (black dye) solution w a s  emitted 
from 12 o r i f i ce s  shown i n  the p l a t e  i n  f igure  8(b) ,  and the resu l t ing  
pat terns  on the white p la te  were photographed both with a s t i l l  camera 
and with a motion-picture camera. 

Instrumentation 

Hinge moments i n  both the v e r t i c a l  and l a t e r a l  planes were measured 
by means of two-component strain-gage balances located j u s t  ahead of the 
decomposition chambers. (See f i g .  5 ( a ) . )  For the jet-off t e s t s ,  the 1 
output of the s t r a i n  gages was fed  through a d i g i t a l  converter and 1 

automatically punched in to  IBM cards f o r  machine reduction t o  coeff i -  L 

c ien t  form. Jet-off s k i r t  pressures and base pressures were recorded 
by photographing multitube mercury manometers. 

In  the jet-on t e s t s ,  the e l e c t r i c a l  s ignals  from the strain-gage 
balances and from e l e c t r i c a l  pressure transducers were transmitted t o  
ca r r i e r  amplifiers and then t o  recording oscillographs. The t race  
deflections on the recorder f i l m  were read manually and then converted 
t o  standard coeff ic ients  by machine computation. 

The base temperatures were measured by three shielded chromel- 
alumel thermocouples and were recorded by a self -balancing potentiometer. 

Tests 

J e t s  o f f . -  Hinge moments, base pressures, and s k i r t  pressures were 
obtained through an angle-of-attack and angle-of-sideslip range from 
-9.5O t o  5 O  a t  Mach numbers from 0.80 t o  1.10 and a t  an average Reynolds 

6 number of 4 x 10 
deflections from -8.70 t o  0.2O i n  the p i t ch  plane and from -2.80 t o  6.20 
i n  the l a t e r a l  plane. For these t e s t s  the p i t ch  plane was a r b i t r a r i l y  
considered t o  be the plane containing the center l i nes  of both nozzles 
a t  zero def lect ion.  The nozzle deflections and hinge-moment coeff ic ients  
presented i n  t h i s  paper a re  f o r  the upper nozzle. 
nozzle are  not presented because they a re  believed t o  be affected by the 
wake of the support s t r u t ,  which, although very thin,  a l t e r ed  the 
external-flow impingement on the lower nozzle i n  the p i t ch  t e s t s .  For 
the yaw t e s t s ,  the engine cage w a s  ro l led  goo, and the e f f ec t  of s t r u t  
wake on e i t h e r  nozzle was negligible.  A t  a l l  t e s t  conditions the 
def lect ions of the lower nozzle were the same as those of the upper 
nozzle i n  the l a t e r a l  plane and were about 5.2' more posi t ive i n  the 
p i t ch  plane. 

per foot .  The or ig ina l  nozzles were tes ted  a t  prese t  

Data f o r  the lower 

J e t s  on.- Because of the d i f f i c u l t y  i n  obtaining jet-on hinge- 
moment data (due t o  simulati  opellant l i n e  r e s t r a i n t s ,  
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temperature e f f ec t s ,  and so  f o r t h ) ,  it w a s  desirable t o  obtain f a i r l y  
extensive je t -off  data t o  es tab l i sh  trends with angle of a t tack or nozzle 
deflection; a grea t ly  reduced t e s t  program, then, would be su f f i c i en t  t o  
determine the j e t  e f f ec t s .  Accordingly, the jet-on data were obtained 
a t  the same Mach numbers as  those f o r  the je t -off  t e s t s  but only a t  three 
angles of a t tack (Oo and k5") and primarily with one nozzle def lect ion 
(-5.70 i n  p i t ch  plane and 0' i n  yaw plane);  deflections i n  p i t ch  of -3.1' 
and 0.3' were b r i e f l y  investigated t o  es tab l i sh  jet-on trends with nozzle 
def lect ion.  

Jet-on data  were obtained with the a l t e r ed  nozzles (center-body 

For a l l  other configurations, data 
plug) through a j e t  s ta t ic-pressure-rat io  range from about 1 .5  t o  2.4 
f o r  a nozzle def lect ion of 7.7'. 
were obtained only a t  a scheduled pressure r a t i o ,  t h a t  is, a pressure 
r a t i o  corresponding t o  a given Mach number and a l t i t ude  f o r  a typ ica l  
large missi le .  (See the appendix.) The s t a t i c  pressures were obtained 
from a s t a t i c  ca l ibra t ion  of  pe p lo t ted  against  weight flow; the pres- 
sure tubes were removed f o r  the tunnel t e s t s .  

Tests a t  a Mach number of 1.10.- A t  a Mach number of 1.10, shock 
waves from the nose and the t r ans i t i on  section combined and re f lec ted  
from the top of the tunnel (nearest  w a l l )  onto or near the nozzles. 
This disturbance w a s  su f f i c i en t ly  strong t o  increase base pressures and 
decrease hinge moments. I n  order t o  move t h i s  r e f l ec t ion  downstream of 
the model, t e s t s  were made with a shortened second stage.  Shadowgraphs 
indicated t h a t  the re f lec ted  wave w a s  moved downstream about 1.3 model 
diameters. This change i n  model length had no e f f ec t  on the hinge- 
moment data a t  subsonic speeds and a r e l a t ive ly  small e f f e c t  a t  a Mach 
number of 1.0. However, very large increases i n  hinge moment occurred 
a t  a Mach number of 1.10. 
be due t o  the ac tua l  change i n  model length (and a corresponding 
decrease i n  boundary-layer thickness),  it i s  believed tha t  most of the 
increase was due t o  the reduction i n  the interference e f f ec t s  of the 
re f lec ted  shock wave. I n  v i e w  of these r e su l t s ,  a l l  data i n  t h i s  paper 
f o r  a Mach number of 1.10 were derived from the shortened model. 

Although a s m a l l  pa r t  of t h i s  increase may 

Flow studies . -  Boundary-layer measurements a t  the base of the model 
were made through the Mach number and angle-of-attack range by means of 
a total-pressure survey rake. A wake-flow survey was also made by using 
the pressure rake a t  an axial s t a t i o n  corresponding t o  the plane of the 
nozzle e x i t s .  In  addition, visual  flow studies  were made a t  the base of 
the missile by using the ink-flow technique. 

Accuracy and Corrections 

The following tabulation presents the estimated accuracy of the 
coeff ic ients  and test parameters presented i n  t h i s  paper: 
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ch,L . . . . . . . . . . . . . . . . . . .  
c p . . . . . . . . . . . . . . . . . . . .  
p t ,  2/pt . . . . . . . . . . . . . . . .  
pePm 
AT, OF .  . . . . . . . . . . . . . . . . .  
a, p, 9, 6, deg . . . . . . . . . . . . .  
M . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  

J e t s  off 

f0 .002 

fO .002 

tO.O1 
fo  .005 

J e t s  on 

fO . 015 
------ 
t o  .01 

t o .  05 

t o .  005 

t 2  
fO.l 

Because of asymmetry of the exhaust flow from the a l t e r ed  nozzles, 
the th rus t  vector did not coincide with the nozzle axis and thus pro- 
duced hinge moments about the gimbal point .  The nozzle hinge moments 
were, therefore,  corrected f o r  these t a r e  loads, which were determined 
by s t a t i c  t e s t s  (wind tunnel off and j e t s  on) ,  
applied on the basis t h a t  the t a r e  load var ia t ion  with thrus t  w a s  the 
same f o r  the tunnel-on t e s t s  and the s t a t i c  t e s t s .  

The corrections were 

A comparison of jet-off hinge-moment coeff ic ients  f o r  the a l t e r ed  
nozzle and the or ig ina l  nozzle indicated t h a t  the average difference 
was within the accuracy of the data f o r  the angle-of-attack and Mach 
number range of these t e s t s .  

RESULTS 

J e t s  Off 

Typical total-pressure prof i les  i n  the boundary layer a t  the base 
of the model and i n  the wake a t  the nozzle-exit plane are  presented i n  
f igure  9;  l i n e s  of constant t o t a l  pressure a re  presented i n  figure 10. 
Ink-flow photographs presented i n  f igure 11 i l l u s t r a t e  the wake flow 
including the e f f ec t s  of s l o t t i n g  the s k i r t .  Shadowgraphs i l l u s t r a t i n g  
the shock pa t te rn  f o r  the model-strut support system are  shown i n  f i g -  
ure 12. Variations of hinge-moment coeff ic ients  with angle of a t tack  
and angle of s ides l ip  f o r  several  nozzle deflections are  shown i n  f i g -  
ures 13  and 14, respectively.  
the e f f e c t  of s k i r t  length and the e f f ec t  of a s lo t t ed  s k i r t  on the 
v e r t i c a l  hinge-moment coeff ic ient  . Average base pressure coeff ic ients  
for  the basic-skir t  and f o r  the s lo t t ed - sk i r t  configurations are pre- 
sented i n  f igure 17. 

Figures 15 and 16 show, respectively,  
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The var ia t ions of v e r t i c a l  hinge-momnt coeff ic ient  with s t a t i c -  
pressure r a t i o  and with nozzle def lect ion a re  shown i n  f igures  18 and 
19, respectively,  and the e f f e c t  of s l o t t i n g  the s k i r t  is  shown i n  
f igure 20. The var ia t ion of average base pressure coef f ic ien t  with 
s ta t ic-pressure r a t i o  i s  presented i n  f igure 21, and the e f f e c t  of the 
s l o t t e d  s k i r t  i s  shown i n  f igure  22. A comparison of the pressure 
d is t r ibu t ions  on the basic and s lo t t ed  s k i r t s  i s  
Figure 24 shows the e f f ec t s  on base temperatures 
Final ly ,  shadowgraphs f l l u s t r a t i n g  the e f f e c t  of 
shock pa t te rn  a t  the model base a re  presented i n  

given i n  f igure  23. 
of s l o t t i n g  the s k i r t .  
the j e t  exhaust on the 
f igure 25. 

- 
DISCUSSION 

Flow Survey 

Boundary-layer thickness.- Based on a one-seventh power-velocity 
d is t r ibu t ion ,  the thickness of a turbulent boundary layer  a t  the model 
base f o r  the average t e s t  Reynolds number of 4 x 10 6 per foo t  i s  
approximately 1 inch. Total-pressure p ro f i l e s  i n  the plane of the 
model base (@ = O o ) ,  shown i n  f igure  9, indicate  a boundary-layer thick- 
ness of about 1 inch a t  an angle of a t tack  of - 5 O .  
angle of a t tack  t o  Oo and 5', the  p i t o t  pressures a t t a i n  a progressively 
smaller f r ac t ion  of the free-stream t o t a l  pressure and the boundary 
layer  appears t o  be thicker  than 11 inches (outermost tube on the survey 

rake) .  
l oca l  rapid thickening of the boundary layer,  although a contributing 
f ac to r  could a l so  be the wake from a vernier rocket (see f i g .  2) which 
w a s  i n  l i n e  with the pressure rake. 

With increase i n  

2 
The thick boundary layer may be due t o  the blunt nose and a 

Wake-flow convergence.- An addi t ional  total-pressure survey w a s  
made a t  an ax ia l  distance of 5.46 inches downstream of the model base 
(nozzles removed) which corresponds approximately t o  the plane of the 
nozzle e x i t s .  (See f i g .  g(b)  .) I n  f igure 10, points of equal t o t a l -  
pressure r a t i o  a t  the two ax ia l  s ta t ions  are  connected with s t r a i g h t  
l i nes  i n  order t o  indicate flow convergence. Presence of the nozzles 
may a l t e r  the convergence somewhat but some qual i ta t ive  information can 
be derived by superimposing on the f igure a sketch of the nozzle. This 
provides an indicat ion of the impingement of the external  stream on the 
nozzle. Except f o r  r e l a t ive ly  small impingement areas, indicated i n  
f igure 10, approximate base pressures e x i s t  on the e n t i r e  nozzle surface.  
The lowest values of pressure r a t i o  shown i n  f igure 10 correspond t o  base 
pressures. It appears, then, t h a t  nozzle hinge moments a re  dependent 



upon external  stream impingement and base pressures and are, therefore, 
affected t o  a great  extent by boundary-layer conditions a t  the model 
base. 
between boundary layer  and base pressure. 

Reference 6 provides information concerning the interrelat ionship 

Recirculation.- Some typical  ink-flow patterns on the ve r t i ca l  
s p l i t t e r  p la te  (see f i g .  8 (b ) )  are shown i n  f igure 11 t o  i l l u s t r a t e  the 
flow c i rcu la t ion  a t  the base of the model (nozzles removed). 
basic-skirt  configuration ( f ig s .  l l ( a )  and l l ( b ) )  the patterns indicate 
the following: converging streamwise flow near the edges of the p la te ,  
forward flow near the 
between these regions 
on the lower half) .  The areas of these circulatory flows change with 
angle of a t tack,  being nearly symmetrical a t  0’. 

For the  

center of the  plate ,  and a r ing vortex-type flow 
(clockwise on the upper half  and counterclockwise 

L 
4 
2 
3 The-forward flow i n  

the center area causes a recirculat ion problem, t h a t  is, the entrainment 
of hot fue l - r ich  exhaust gases from the rocket nozzles and turbopump 
exhaust nozzles in to  the flow moving forward in to  the m i s s i l e  base. 

One method of a l lev ia t ing  the base-recirculation problem i s  by 
venting the base by means of longitudinal s l o t s  such as those shown i n  
f igure 2. The e f f e c t  on the wake flow of t h i s  s lo t ted-sk i r t  configura- 
t i on  a t  two representative Mach numbers i s  shown i n  f igure ll(c). The 
flow through the s l o t s  tends t o  disrupt  the vortex flow pa t te rn  and t o  
decrease the forward f l o w .  A f a i r l y  extensive study of the e f f ec t s  of 
various s l o t s  and s l o t s  with scoops on base flow and on base pressures 
can be found i n  references 1 and 7, respectively.  

Shock-wave pat terns . -  Shadowgraphs showing the general shock-wave 
pat terns  f o r  the complete model a re  presented i n  f igure 12, and they 
indicate  t h a t  shock waves from the support s t r u t  did not impinge on the 
model so as t o  in t e r f e re  with nozzle hinge-moment measurements. Also 
shown are two strong shock waves a t  a Mach number of 1.10; one followed 
the flow overexpansion around the nose, and the other occurred ahead of 
the t r ans i t i on  sect ion and vernier nozzles. A thickening of the boundary 
layer  associated with these shock waves would probably cause a reduction 
i n  the nozzle hinge moments. 

Jet-Off Hinge Moments 

Basic-skirt  configuration. - Figure l3(a)  shows the  large increase 
i n  ve r t i ca l  hinge moments on the upper nozzle incurred by increasing 
nozzle def lect ion i n  the p i tch  plane. The r e su l t s  are as would be 
expected, considering the emergence of the nozzle from the body wake 
in to  the external  stream flow. Rather unexpected, though, were the large 
hinge moments ( fo r  the  la rger  nozzle deflections) a t  the posi t ive angles 
of a t tack where it would be thought t ha t  the upper nozzle would be more 
shielded by the body from free-stream impingement. Apparently, downwash 
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associated with l i f t i n g  vort ices  from the body was su f f i c i en t  t o  cause 
external  stream impingement on the nozzle, and thereby cause hinge 
moments a t  posi t ive angles of a t tack of magnitude equal t o  those a t  
comparable negative angles. Reference 8 indicates t h a t  a body with a 
blunt nose has a greater  normal force a t  angles of a t tack than a body 
with a streamlined nose; therefore,  it may be concluded t h a t  the 
l i f t i n g  vort ices  and the downwash are stronger and the e f f e c t  on hinge 
moments would a l so  be greater .  
occurred near zero angle of a t tack  a t  the higher def lect ion angles. 

I n  general, the minimum hinge moments 

Simulated exhaust flow from the turbopump exhaust nozzles (n i t ro -  
gen a t  a flow r a t e  of 0.24 pound per second) had only a s m a l l  e f f e c t  on 
nozzle hinge moments. 
a t  a Mach number of 0 .go. 

Some typica l  r e s u l t s  a r e  shown i n  f igure 13(a) 

In  the range of t e s t  variables (a, p, M, 6, and 0 )  of t h i s  
investigation, the l a t e r a l  hinge moments were negligible,  
f i g s .  l3 (b)  and 14.)  Also shown i n  f igure 14 a re  the small v e r t i c a l  
hinge-moment coeff ic ients  incurred f o r  a nozzle deflected i n  the yaw 
plane with the model tes ted  through an angle-of-sideslip range. 

(See 

Effect  of s k i r t  length.- The e f f e c t  on v e r t i c a l  hinge moments of 
changing s k i r t  length (see f i g .  2) i s  indicated i n  f igure 15. 
s k i r t  reduced the exposed nozzle length from 5.46 inches (basic s k i r t )  
t o  1.91 inches, a reduction which w a s  su f f i c i en t  t o  sh ie ld  the nozzle 
completely from external  a i r  impingement and, therefore,  reduce hinge 
moments t o  a negligible value. On the other hand, a small decrease i n  
s k i r t  length (exposed nozzle length of 6.99 inches) more than doubled 
the hinge moments as compared with those f o r  the basic-skir t  configura- 
t i on .  
weight standpoint would be a compromise between weight reduction achieved 
with a minimum s k i r t  and weight reduction achieved with minimum nozzle 
actuating s t ruc ture  (determined by nozzle hinge moments). 
other fac tors ,  such as  base recirculat ion,  w i l l  have t o  be considered. 

The long 

It i s  apparent t h a t  the optimum s k i r t  length from an overal l  

O f  course, 

Effect  of s lo t t ed  s k i r t . -  It was believed that, i n  addition t o  
a l lev ia t ing  the aforementioned rec i rcu la t ion  problem, a s lo t t ed  s k i r t  
might a lso reduce hinge moments by increasing base pressures and 
reducing external  stream impingement. However, as shown i n  f igure  16, 
the s l o t t e d  s k i r t  (see f i g s .  2 and 4) generally caused an increase i n  
je t -off  hinge-moment coeff ic ient  a t  Mach numbers up t o  1.03. Only a t  a 
Mach number of 1.10 does the s lo t t ed  s k i r t  provide a reduction i n  hinge 
moments. A t  a l l  t e s t  Mach numbers the s l o t s  ac tua l ly  decreased the 
base pressures ( f i g .  17) which would tend t o  increase hinge moments. 
Apparently, the s l o t s  decreased the external  stream impingement a t  
M = 1.10 and, thus, counteracted the e f f e c t  of the decreased base 
pressures.  
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Jet-On Hinge Moments 

Basic-skirt  configuration.- The basic  s k i r t  i n  f igure 18 shows 
t h a t  with tlie j e t s  exhausting a t  the lowest value of s ta t ic-pressure 
r a t i o  of these t e s t s  (about l.?), the v e r t i c a l  hinge moments were 
grea t ly  increased over the jet-off values shown i n  f igure 13(a). 
increasing pressure r a t i o ,  however, the hinge moments decreased rapidly 
at  a l l  t e s t  Mach numbers. 
follows: A t  low exhaust flows, the base pressures decreased as com- 
pared with those with j e t s  off  (see f i g .  21), and the external  stream 
w a s  entrained s o  as t o  cause an increase i n  the force of impingement on 
the nozzle. A s  the pressure r a t i o  was increased, the base pressures 
generally decreased fur ther  or remained constant, and thus, tended t o  
produce large hinge moments. Apparently, however, the expansion of the 
j e t  bulb with increasing pressure r a t i o  in te r fe red  with the external  
stream so as t o  decrease impingement on the nozzle and, thus, cause a 
reduction i n  hinge moments. Shadowgraphs i n  f igure  25 i l l u s t r a t e  the  
shock wave associated with impingement on the nozzle, with j e t s  of f ,  
and the addi t ional  shock wave caused by the in te rac t ion  of the j e t  
exhaust with the external  stream. 

With 

An explanation of t h i s  trend could be as 

The rapid var ia t ion of v e r t i c a l  hinge-moment coeff ic ient  with 
nozzle def lect ion i s  shown i n  f igure 19. It i s  shown here, as well as 
i n  f igure  18 through a s ta t ic-pressure-rat io  range, t h a t  the maximum 
posi t ive hinge moments fo r  the  range of nozzle deflections occurred a t  
an angle of a t tack  of 5' (maximum a of the jet-on tests) .  The aver- 
age r a t e  of change of ch,v with 8 i s  roughly the same fo r  the 
three angles of a t tack .  

Effect  of s l o t t e d  s k i r t . -  The s lo t t ed  s k i r t  reduced jet-on hinge 
moments a t  a l l  t e s t  Mach numbers, except a t  M = 0.90, with a maximum 
reduction obtained a t  M = 1.10. (See f i g .  20.) The reason f o r  the 
ineffectiveness of the s l o t s  a t  a Mach number of 0.90 i s  not understood. 

A s  indicated i n  f igure 22, the s l o t s  decreased base pressures sub- 
sonical ly  (tending t o  increase Ch,v) but increased base pressures a t  a 
Mach number of 1.00 and higher, with the grea tes t  increase occurring a t  
M = 1.10. The differences i n  base pressures between the basic and 
s l o t t e d  s k i r t  were not grea t ly  affected by angle-of-attack changes; 
nevertheless, the s l o t s  w e r e  generally l e s s  e f fec t ive  i n  reducing 
a t  the posi t ive angle of a t tack .  This indicates  t h a t  the flow through 
the s l o t s  f o r  
impingement which was probably augmented by downwash from l i f t i n g  
vort ices .  From the foregoing, it appears t h a t  slots reduced hinge 
moments primarily by reducing impingement on the nozzle, although addi- 
t i o n a l  benef i t s  were derived, of course, when the base pressures were 
a l so  increased. 

Ch,v 

a = 5' was less ef fec t ive  i n  reducing external  stream 

L 
4 
2 
3 



n 

An important f a c t  emerges from a comparison of the e f f ec t s  of s l o t s  
on the je t -off  and jet-on hinge-moment coeff ic ients  ( f ig s .  16 and 20, 
respectively);  namely, the e f f e c t  of a vented s k i r t  on jet-on nozzle 
hinge moments cannot be inferred from jet-off data.  Not only can the 
magnitude of the effect  be i n  e r ro r  by several  hundred percent, as shown 
a t  M = 1-10, but the direct ion of the change can be of opposite signs,  
as shown a t  the lower Mach numbers. Further, the  base pressures by them- 
selves are not a su f f i c i en t  indication of the changes i n  hinge moments. 

Sk i r t  Pressures 

A t  a Mach number of 0.90 ( f i g .  23(a)) the decrease i n  pressure j u s t  
ahead of a s l o t  ( s l o t s  begin a t  
expansion of the flow through the s l o t .  Behind the s l o t ,  the pressure 
a t t a i n  about the same value as t h a t  f o r  the basic s k i r t  and average base 
pressures were decreased. 
s lo t s ,  the pressures were l i t t l e  affected.  
1.10 ( f ig s .  23(b) and 23(c), respectively) the pressures near the base 
a t  
viously noted i n  f igure 22. Again, the differences i n  pressures near 
the base a t  

Z/D = -0.41) a t  @ = 0' i l l u s t r a t e s  the 

A t  @ = l5', which i s  midway between two 
A t  Mach numbers of 1.00 and 

@ = 0' were increased by the s lo t s ,  as were the base pressures pre- 

@ = 15' were generally small. 

Base Temperatures 

The increase i n  temperature ( j e t  on minus j e t  off) of the  a i r  
recirculat ing in to  the  base of the model w a s  measured a t  three locations,  
as indicated i n  the sketch i n  f igure 24. With a j e t  temperature of about 
1,360~ F, the increase i n  the entrained air  temperatures f o r  the basic- 
s k i r t  configuration ranged from 71° F t o  1440 F. 
temperature increments occurred near the center of the base. The s l o t s  
reduced the temperature of the entrained air  by 50 t o  nearly 100 percent 
through the Mach number and angle-of-attack range. Larger s l o t s ,  or a 
combination of scoops and s lo t s ,  would be more effect ive i n  reducing base 
recirculat ion.  However, a t  the higher Mach numbers the stagnation tem- 
peratures of the incoming a i r  can be a major problem. 

A s  expected, the l a rges t  

SUMMARY OF RESULTS 

A transonic wind-tunnel investigation of the nozzle hinge moments on 
a model of a large ba l l i s t ic  missile having two gimbaled rocket motors 
indicates  the following r e su l t s :  

1. Nozzle hinge moments are  a function of the external flow impinge- 
ment and the base pressures and are, thus, dependent t o  a large extent on 
the boundary-layer condition base. 
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2. Either decreasing s k i r t  length of increasing nozzle deflection 
causes increased impingement and, therefore, increased hinge moments. 

3 .  Either increasing o r  decreasing the angle of a t tack from 0' 
increases nozzle hinge moments. 

4. Nozzle hinge moments are generally increased with the jets 
operating. 
'out decrease rapidly with increasing pressure r a t i o .  

The j e t  e f f ec t s  are large a t  the l o w  static-pressure r a t i o s  

5 .  Generally, large reductions i n  jet-on nozzle hinge moments can L 
be achieved by venting the s k i r t  with longitudinal s l o t s .  With the same 4 
s lo t t ed  s k i r t ,  however, jet-off hinge moments can be increased, thus 2 
indicating t h a t  the e f fec ts  of a vented s k i r t  with je ts  operating cannot 3 
be inferred from jet-off  data.  

6. Longitudinal s l o t s  i n  the s k i r t  reduce recirculat ion of the j e t  
exhaust in to  the base and thereby reduce base temperatures. 

Langley Research Center, 
Na.tional Aeronautics and Space Administration, 

Langley Field,  V a . ,  May 29, 1959. 



APPENDIX 

SIMWTION OF JET EFFECTS BY MEANS OF AN ANNULAR EXHAUST 

FROM NOZZLES HAVING LARGE CENTER BODIES 

I n  the simulation of j e t  e f f ec t s  of convergent-divergent rocket 
nozzles, a problem m y  e x i s t  i n  obtaining the desired propellant 
weight-flow ra t e s  which e i t h e r  a re  beyond the capacity of the available 
system or which would require feed l i nes  so large tha t  they in t e r f e re  
with the desired measurements. Such was the case i n  the present inves- 
t i ga t ion  where an attempt w a s  made t o  duplicate the j e t  e f f ec t s  of a 
convergent-divergent nozzle typ ica l  of large b a l l i s t i c  missi les .  
nozzle had an exi t - to- throat  area r a t i o  of 8:1, a Mach number of the 
exhaust gas of 3.0, a r a t i o  of spec i f ic  heats of 1.15, and a divergence 
half-angle of 15'. To simulate the actual  j e t  shape fo r  t h i s  nozzle 
would have required a weight-flow r a t e  of about 15 pounds of K202 per 
second which i s  more than double the capacity of the present H202 system 
i n  the Langley &foot transonic tunnel. Furthermore, the objective of 
the investigation was t o  measure nozzle hinge moments with strain-gage 
balances and, since the propellant feed l i nes  complicate these measure- 
ments, it was necessary t o  minimize the s i z e  of the feed l i nes ,  thus 
fur ther  r e s t r i c t i n g  the flow rates. 

The 

The important parameter i n  evaluating the j e t  e f f ec t s  on aerody- 
namic hinge moments appeared t o  be j e t  shape, par t icu lar ly  on the i n i -  
t i a l  portion of the j e t  exhaust. For a f ixed nozzle divergence angle, 
the j e t  shape depends primarily on s ta t ic-pressure r a t i o ,  and varia- 
t ions due t o  differences i n  j e t  Mach number and r a t i o  of spec i f ic  heats 
a re  r e l a t i v e l y  s m a l l .  (See ref. 5. )  Furthermore, it was not necessary 
t o  simulate th rus t  and, therefore, the momentum o r  exhaust veloci ty  w a s  
considered t o  be of secondary importance. It w a s  reasoned, then, t h a t  
the j e t  shape and the s ta t ic-pressure r a t i o  could be obtained a t  
grea t ly  reduced weight flows by means of a nozzle having a large center 
body which would provide a r e l a t ive ly  th in  annular exhaust. 
a se r i e s  of s t a t i c  t e s t s  were made t o  determine the j e t  boundaries f o r  a 
nozzle having center bodies of varying external  lengths, e x i t  areas, 
and divergence angles. The boundaries were determined both by shadow- 
graphs (see f i g .  26) and by total-pressure measurements a t  two ax ia l  
locations by means of a traversing probe. Chamber pressures, weight 
flows, and e x i t  s t a t i c  pressures were a l so  measured. 

Accordingly, 

The j e t  boundaries f o r  the nozzle with various center bodies were 
then compared with the theore t ica l  boundaries f o r  the full-flowing nozzle 



as  determined from reference 5 .  
f i g .  6 )  selected f o r  the wind-tunnel t e s t s  are  shown i n  f igure 27. 
This plug extended one-quarter of the nozzle-exit diameter beyond the 
e x i t  plane and provided a 0.34-inch-thick annular exhaust a t  a Mach 
number of 1.0. The advantage i n  using a sonic e x i t  i s  t h a t  it provides 
the thickest  j e t  annulus f o r  a given weight flow and s ta t ic-pressure 
r a t i o .  A s  indicated i n  f igure 27, i n  order t o  obtain good boundary 
simulation, a s ta t ic-pressure r a t i o  somewhat higher than the assumed 
values used t o  calculate  the theore t ica l  j e t  shape of the full-flowing 
nozzle exhaust was required. 

Some re su l t s  f o r  the f l a r ed  plug (see 

A comparison of the s ta t ic-pressure-rat io  
schedule f o r  a typ ica l  b a l l i s t i c  missile f l i g h t  with the pressure-ratio 
schedule used t o  obtain boundary simulation i n  the model t e s t s  i s  shown 
i n  f igure 28. 

I 
I 
c 
L 
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gimbal axis 

Figure 3 . -  Sign convention for model. Arrows indicate posit ive direc- 
t ion  of moments and angles. 



21 

L-58-1465 
Figure 4.- Photograph of s lo t t ed  s k i r t .  0 = -5.7O. 
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(a) Original scaled nozzles and hinge-moment beams; 
afterbody shell removed. 

L-59-3036 
(b) Altered nozzles; cal ibrat ion f ix tu re  fo r  moment gages 

attached t o  one nozzle. 

Figure 5.- Photographs of o r ig ina l  and altered rocket-motor nozzles. 



Original nozzle 
A,= 0.0734 ft2 

Nozzle ordinates 

AI tered nozzle 
A, = 0.0247 ft2 

Figure 6. - Diaiensional sketches of original and altered nozzles. 
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L-58-1365 
Figure 7.- Photograph of boundary-layer rake at base of missile. 
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.Figure 10.- Convergence of w a k e  f l o w  a t  base of m o d e l .  Basic skirt; 
nozzles removed. 



A i r  flow M = 0.90 M = 0.80 

a = Oo 
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(a) Basic sk i r t ;  M = 0.80 and 0.90. L- 59 - 3037 

Figure 11.- Ink-flow photographs i l l u s t r a t i n g  wake flow a t  base of model. 
Basic and s l o t t e d  skirts;  nozzles removed. 



A i r  flow - M = 1.10 M = 1.00 

a = Oo 

a = - s o  

(b) Basic s k i r t ;  M = 1.00 and 1.10. L-559-3038 

Figure 11.- Continued. 



A i r  f l o w  - M = 1.10 M = 0.90 

a = 00 

a 

( e )  Slot ted s k i r t ;  M = 0.90 and 1.10. L-59-3039 

Figure 11.- Concluded. 



M = 1.00 
A i r  f l o w  - M = 1-10 

a = 5” 

a 

a = - 5 o  

Figure 12. - Shadowgraphs of model. Jets off. L-59-3040 
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-10 -8 -6 -4 -2 0 2 4 6 
Angle of 

-10 -8 -6 -4 -2  0 2 4 6 
attack, a, deg 

(a) Vert ical  hinge-moment coeff ic ient  Ch,v. 

Figure 1.3.- Variation of hinge-moment coef f ic ien t  with angle of a t tack  
f o r  several  nozzle def lect ions i n  the p i t ch  plane. Upper nozzles; 
basic s k i r t ;  j e t s  off ;  6 = 0'. Flagged symbols indicate  turbopump o In. 
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Figure 1 3 . -  Concluded. 
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Figure 17.- Effect  of s l o t t e d  s k i r t  on average base pressure coeff i -  
c ien t .  Original nozzles; j e t s  of f ;  e = -5.70; 6 = Oo.  
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Figure 18.- Variation of v e r t i c a l  hinge-moment coeff ic ient  with s t a t i c -  
pressure r a t i o  of upper nozzle. Altered nozzles; basic skir t ;  
8 = -3.70; 6 = 00. 
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Figure 1ga- Variation of vertical hinge-moment coefficient with nozzle 
deflection. Upper nozzle; basic model; jets on; 6 = 0 . 0 
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Figure 20.- Effect  of s lo t t ed  sk i r t  on ve r t i ca l  hinge-moment coeff ic ient .  
e = -3.7'; 6 = 00; j e t s  on. 
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Figure 22.- Effect  of s lo t t ed  s k i r t  on average base pressure coef f ic ien t .  
J e t s  on; 6 = -5.70; 6 = 0'. 
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Figure 25.- Shadowgraphs of model. J e t s  of f  and j e t s  on; basic s k i r t ;  
a l t e r ed  nozzles; e = ->.TO; 6 = 0'. 
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(b) u = 0’. 

Figure 25. - Continued. 
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Figure 25.  - Concluded. 
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Figure 26.- Shadowgraph showing j e t  boundary. pe/p, = 2.05. 
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Figure 27.- Comparison of experimental j e t  boundaries (using f l a r ed  
plug) and theore t ica l  j e t  boundaries (no plug).  
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Figure 28.- Nominal-static-pressure-ratio schedule for boundary simula- 
tion as determined by static tests. 




